Based on the well-established finding that the phosphorylation of myosin light chain 20 (MLC20) plays an essential role in blood vessel smooth muscle contraction, we investigated if phosphorylated MLC20 (pMLC20) would modulate the tonic and/or phasic contractions of lymphatic muscle. The effects of ML-7, a MLC kinase inhibitor (1-10 M), were tested on the contractile parameters of isolated and cannulated rat mesenteric lymphatics during their responses to the known modulators, pressure (1-5 cmH2O) and substance P (SP; 10 Ϫ7 M). Immunohistochemical and Western blot analyses of pMLC20 were also performed on isolated lymphatics. The results showed that 1) increasing pressure decreased both the lymphatic tonic contraction strength and pMLC20-to-MLC20 ratio; 2) SP increased both the tonic contraction strength and phosphorylation of MLC20; 3) ML-7 decreased both the lymphatic tonic contraction strength and pMLC20-to-MLC20 ratio; and 4) the increase in lymphatic phasic contraction frequency in response to increasing pressure was diminished by ML-7; however, the phasic contraction amplitude was not significantly altered by ML-7 either in the absence or presence of SP. These data provide the first evidence that tonic contraction strength and phasic contraction amplitude of the lymphatics can be differentially regulated, whereby the increase in MLC20 phosphorylation produces an activation in the tonic contraction without significant changes in the phasic contraction amplitude. Thus, tonic contraction of rat mesenteric lymphatics appears to be MLC kinase dependent. ML-7; lymphatic contraction; tonic contraction; phasic contraction THE LYMPHATIC SYSTEM plays essential roles by returning the protein-rich interstitial fluid to the blood circulation for fluid homeostasis, transporting lipids and lipid-soluble vitamins absorbed from the intestines to the circulation for nutrition, and distributing immune cells to the lymph nodes for defense against diseases. All of these vital functions rely on the contractile activities of the muscle cells residing in the lymphatic vessel wall. The muscular lymphatic vessels are composed of many basic structural and functional units called lymphangions, which are capable of exhibiting intrinsic contractile activities to propel lymph flow through the network of the lymphatic vessels. Although the classical influence of pressure and flow on lymphatic contractility has been well documented (14 -16, 24, 31, 37, 38, 51), the molecular mechanisms regulating the contractile activities of the lymphatic muscle are not well understood.
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Cardiac muscles and most vascular smooth muscles (VSMs) exercise their physiological functions by phasic and tonic contractions, respectively, whereas lymphatic muscle accomplishes its functions using both tonic and phasic contractions. In general, an increase in the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) is the primary mechanism that initiates muscle contraction, a mechanism shared by striated muscles and VSMs. In striated muscle, Ca 2ϩ binding to troponin C initiates thin filament activation and myosin binding to actin cooperate the contractile activities. These mechanisms govern the phasic myocardial contraction, which is relatively short, fast, and powerful, to propel the blood. In VSM, the phosphorylation and dephosphorylation of myosin light chain 20 (MLC 20 ) by MLC kinase (MLCK) and MLC phosphatase (MLCP), respectively, play central roles in the regulation of contraction (41) . This mechanism controls the tonic VSM contraction, which is comparatively slow but sustained.
The molecular mechanisms regulating the contraction of lymphatic muscle are basically unknown. We (37) have previously shown that lymphatic muscle is structurally composed of both smooth and striated muscle contractile elements and functionally shares similarities with both cardiac muscle and VSM. This correlates well with the unique functional aspects of both tonic and phasic lymphatic contractions. Furthermore, our previous studies (16, 18) have shown that the tonic contraction of isolated rat mesenteric lymphatics is decreased as transmural pressure is increased, while the corresponding phasic contraction amplitude of the vessel is slightly increased. This observation suggests that lymphatic muscles share at least some regulatory mechanisms with VSM in the regulation of tonic contractions. However, there is no solid evidence showing the existence of the key elements that would regulate lymphatic phasic contractile activity. Thus, to understand the mechanisms regulating lymphatic muscle contraction, we raised the following questions in this study: 1) Is there a relationship between transmural pressure and MLC 20 phosphorylation in lymphatic muscle? and 2) How does MLC 20 phosphorylation modulate the contractile dynamics of lymphatic muscle? To address these questions, pressure-induced and substance P [SP, a stimulator of the Ca 2ϩ -calmodulin (CaM)-MLCK pathway]-induced alterations in contractile ac-tivity and the corresponding changes in MLC 20 phosphorylation of rat mesenteric lymphatics were studied in the absence or presence of 1-(5-iodonaphthalene-1-sulfonyl)-1H-hexahydro-1, 4-diazepine hydrochloride (ML-7), a MLCK inhibitor.
MATERIALS AND METHODS
Isolated vessel preparation and functional analyses. Male SpragueDawley rats weighing 290 -330 g were used for these experiments. Rats were housed in an environmentally controlled vivarium approved by the American Association for Accreditation of Laboratory Animal Care. All animal protocols in this study were approved by Texas A&M University Laboratory Animal Care Committee. Animals were fasted for 24 h before each experiment, with water available ad libitum. Rats were anesthetized (0.3 ml/kg im) with a combination of a droperidol-fentanyl solution [droperidol (20 mg/ml) and fentanyl (0.4 mg/ml)] and diazepam (2.5 mg/kg im). Half-supplemental doses were given as needed. To isolate a rat mesenteric lymphatic vessel, a 6-to 7-cm long loop of the small intestine was exteriorized through a midline laparotomy. A section of the mesentery was gently positioned over a semicircular viewing pedestal on a vessel preparation board. A mesenteric lymphatic vessel was centered over an optical window on the preparation board. The exteriorized tissues were continuously suffused with Dulbecco's PBS (catalog no. 14040-133, Invitrogen). The lymphatic vessel (80 -120 m in diameter) was isolated under a dissecting microscope using extreme caution not to damage the vessel. A segment of the lymphatic vessel (0.8 -1.0 cm) was cut and transferred to a bath chamber filled with an albumin-enriched physiological salt solution [APSS; containing (in mM) 145 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 dextrose, 2.0 sodium pyruvate, 0.02 EDTA, and 3.0 MOPS with 10 g/l BSA]. After the lymphatic vessel had been isolated, the animal was euthanized. The isolated lymphatic was cannulated and tied on to two glass pipettes (tip diameter: 80 -100 m). These glass pipettes were connected to independently adjustable pressure reservoirs. Slight positive pressure (2-3 cmH 2O) was applied to the vessel to detect leaks and to ensure that the vessel was undamaged and untwisted. The vessel was set to its approximate in situ length and positioned just above the glass coverslip of the chamber bottom. The chamber with pipette assemblies was then transferred to the stage of a microscope (Zeiss ACM). The vessel was set to an equilibration pressure of 1 cmH 2O and warmed to 37-38°C. Once tonic and phasic contractions were observed, the vessel was allowed to equilibrate at 1 cmH 2O for 15 min. After the equilibration period, the vessel contractile function was determined with the replacement of bath solution in the following order in different experiments: APSS (as an experimental vehicle control), 0.01% DMSO (no. D8779, Sigma, as a solvent control for ML-7, a specific inhibitor for MLCK), SP (10 Ϫ7 M, no. S6883, Sigma), ML-7 at 10 Ϫ6 M and then 10 Ϫ5 M (catalog no. 475880, Calbiochem) in APSS, the combination of ML-7 (10 Ϫ6 M) and SP (10 Ϫ7 M) in APSS, and the combination of ML-7 (10 Ϫ5 M) and SP (10 Ϫ7 M) in APSS. Finally, the passive diameter of the vessel at each transmural pressure was measured after the vessel was exposed to nominally Ca 2ϩ -free APSS (0 mM added Ca 2ϩ and EDTA, 3.0 mM) for 15 min. Experimental data were acquired for the last 3 min of each 5-min interval at the different transmural pressures tested (1, 3, and 5 cmH 2O). Vessels were rinsed and then equilibrated for 3 min after each replacement of the SP solution or for 15 min after each increasing concentration of ML-7 and thereafter for the addition of Ca 2ϩ -free APSS solution. Experiments were dynamically monitored by a microscope-chargecoupled device video camera, and the video data were recorded to a video DVD for the functional analyses of lymphatic contractions after the experiment. Outer end-diastolic and outer end-systolic diameters were measured from the recorded images using computer-based software in which cardiac pump analogies were used to determine diastolic and systolic diameters during the lymphatic contraction cycle (7, 8) . Lymphatic diameters were normalized to the corresponding passive diameter at that respective pressure. For experimental comparisons between groups, we used the tonic index and phasic contraction amplitude as the parameters to compare the alterations in the sustained contraction (tone) and phasic contraction strength of the lymphatics, respectively. The tonic index is the percent difference between passive outer lymphatic diameter in Ca 2ϩ -free APSS (normalized to 100%) at that pressure and outer end-diastolic diameter at the same pressure, expressed as a percentage of the passive outer lymphatic diameter. The phasic contraction amplitude was defined as the difference between outer end-diastolic diameter, expressed as a percentage of the passive diameter, minus the outer end-systolic diameter, expressed as a percentage of the passive diameter. This normalization procedure has been widely used in lymphatic studies (16, 17, 22, 27, 34, 46, 49) and other microcirculatory studies (20, 28, 32) to account for anatomic variations in vessel size.
Statistical differences were determined by ANOVA followed by Fisher's least-significant difference test. P values of Ͻ0.05 were considered significant.
Immunohistochemistry. To determine the relative levels of phosphorylation of MLC 20, rat mesenteric lymphatic vessels were prepared for immunohistochemical detection by the following procedure. Multiple adjacent lymphatic vessels were isolated as described above, cannulated, and then pressurized to 3 cmH 2O from both the input and output ends followed by an incubation at 38°C in one of the following: 1) APSS as the vehicle control for 30 min, 2) APSS for 20 min and then SP (10 Ϫ7 M) in APSS for 10 min, 3) ML-7 (10 Ϫ5 M) in APSS for 30 min, 4) ML-7 (10 Ϫ5 M) in APSS for 20 min, and then the combination of ML-7 (10 Ϫ5 M) and SP (10 Ϫ7 M) in APSS for 10 min. For each immunohistochemical experiment, APSS vehicle controls were included. After these treatments, vessels were rinsed three times in PBS, and pressurized vessels were fixed in 2% paraformaldehyde-PBS for 60 min at room temperature. After fixation, vessels were washed in PBS three times for 5 min each. Vessels were permeabilized for 5 min in Ϫ20°C methanol and washed three times in PBS for 5 min each. Fixed and permeablized vessels were incubated with the primary antibody, mouse anti-phospho-MLC (pMLC) monoclonal antibody (Cell Signaling Technology, Beverly, MA) at a concentration of 1:100 in blocking solution (1% BSA and 5% normal goat serum in PBS) or comparable concentrations of normal mouse IgG (for negative controls) overnight. Vessels were rinsed in PBS three times for 5 min each followed by an incubation with the secondary antibody, goat anti-mouse antibody conjugated to Oregon green 488 (Molecular Probes, Carlsbad, CA), for 60 min at room temperature. Vessels were finally washed with PBS three times for 5 min. Vessels (unknowns and the appropriate negative controls) were then secured to the stage of a confocal microscope (Leica TCS SP2) for immediate observation with a ϫ20 Leica objective. Stained vessels were scanned throughout the entire vessel diameter in 0.5-m z-axis steps. Reconstructions on the three-dimensional (3-D) image stacks were performed using the Leica confocal software package, producing flat integrated projections. Negative controls for all experiments were produced and analyzed via similar procedures from one section of each vessel. The corresponding negative controls were scanned at the same instrument settings as the unknowns for the valid comparison of relative fluorescence intensities.
We quantified the fluorescence intensity of the MLC20 phosphorylation signal from the integrated projections using the following procedure: each 3-D dataset imaged two vessel sections from the same or nearby vessel segment, a section from a given treatment group, and its corresponding IgG negative control. The mean fluorescence intensities from the nonspecific background fluorescence were determined in the IgG negative control sample using thresholding techniques to outline the vessel. The integrated fluorescence intensities of the treated vessels were determined in a similar fashion. We analyzed vessel segments from the same animal (for both treatments and negative controls) in a pairwise fashion. The integrated value from the corresponding nonspecific background fluorescence vessel was sub-tracted from the integrated fluorescence intensity of the treated vessels, producing a background-subtracted fluorescence intensity value for each vessel. The integrated intensities (representing the total amount of pMLC 20 in each vessel) of the APSS control and vessels from other treatment groups were determined in each experiment. We then determined the mean value of the integrated intensities for all of the APSS control vessels in each experimental group. The individual vessel background-subtracted signal was normalized to the mean value of the background-subtracted fluorescence intensities of the APSS control segments within that experiment. Thus, the fluorescent intensities of each experimental treatment group represent percentages of the fluorescent intensities of the MLC 20 phosphorylation in their respective controls. Experiments were repeated in different animals (n ϭ 3-8 animals) on different days.
Western blot analyses. Lymphatic vessels were isolated, cannulated, and pressurized at different pressures, as previously described. At each pressure, vessels were equilibrated for 20 min, rapidly snap frozen in liquid nitrogen, and then stored at Ϫ80°C. Vessels treated with ML-7 were collected in a similar fashion. Lymphatic samples were sonicated in protein-solubilizing buffer and run on a 4 -18% gradient SDS-polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane with a Bio-Rad transblot apparatus. The transfer was verified with Ponceau-S staining. MLC 20 phosphorylation was detected with mouse anti-pMLC monoclonal antibody (Cell Signaling Technology), while mouse monoclonal anti-MLC 20 antibody (Sigma) was used for the detection of total MLC20. Antibody binding was revealed using the Pierce detection system (SuperSignal West Dura Extended Duration Substrate, Pierce). Densitometry on the resulting bands was performed using Multi-Analyst software (BioRad). Membranes were stripped of the pMLC 20 antibody using ImmunoPure IgG Elution Buffer (Pierce) and then reprobed with MLC 20 antibody. The resulting pMLC20-to-MLC20 ratio was used for the quantitative analyses. Quantity One software (Bio-Rad) was used to quantify the intensities of the MLC 20 bands obtained on the blots. Western blot analyses of lymphatic vessel proteins followed by quantification were performed three times for each sample, and the resulting mean values Ϯ SE were calculated.
Detection of MLC 20 phosphorylation by urea-glycerol gel electrophoresis. MLC20 phosphorylation was also analyzed by urea glycerol gel electrophoresis, as previously described with few modifications (42) . Protein samples were isolated from rat mesenteric lymphatic tissues that had been previously snap frozen in liquid nitrogen. Vessels (nonpressurized) had been either treated with SP or ML-7 or were untreated and used as controls. Samples were homogenized in cell lysis buffer (45) and sonicated. Protein was precipitated with trichloroacetic acid-acetone precipitation and solubilized in a sample buffer containing 8 M urea. Samples were electrophoresed in polyacrylamide gels at 400 V. Proteins were then transferred to a nitrocellulose membrane overnight. pMLC 20 and nonphosphorylated MLC20 were detected by Western blot analysis using polyclonal MLC20 antibody (1:5,000, Sigma). The migration rate of pMLC20 was faster than the nonphosphorylated form (MLC20), and, hence, two bands (corresponding to the monophosphorylated and nonphophorylated forms) were detected on the blot. Quantification of the intensities of the MLC 20 bands obtained on the blots was performed as described above. The percentage of phosphorylation of MLC20 from the ureaglycerol gels was calculated by the following formula: (IpMLC/IpMLC ϩ IMLC) ϫ 100, where IpMLC is the total intensity of the phosphorylated form and IMLC is the total intensity of the unphosphorylated form. Experiments were performed in triplicate, and mean values Ϯ SE were calculated and plotted. 20 phosphorylation. As transmural pressure was increased from 1 to 5 cmH 2 O, the tonic index of the lymphatics decreased, reflecting a decrease in the sustained contraction of the vessels. As shown in Fig. 1 (open bars) , the tonic index fell 34% (from 11.2% at 1 cmH 2 O to 7.4% at 3 cmH 2 O, P Ͻ 0.01, n ϭ 5) and 39% (from 11.2% at 1 cmH 2 O to 6.8% at 5 cmH 2 O, P Ͻ 0.004, n ϭ 5) from its starting value as the transmural pressure was increased.
RESULTS

An increase in transmural pressure decreases tonic contraction and MLC
To determine the phosphorylation of MLC 20 (pMLC 20 ) under similar conditions, Western blot analyses were performed on proteins isolated from lymphatic vessels subjected to different pressures, and the ratios of pMLC 20 to MLC 20 were calculated. Figure 2 , A and B, shows representative antibody reaction blots for the relative levels of MLC 20 and pMLC 20 (Fig. 2) . Quantitative analyses indicated that, relative to the levels at 1 cmH 2 O, the pMLC 20 -to-MLC 20 ratio was decreased by 77% at 3 cmH 2 O (from 0.215 Ϯ 0.012 to 0.049 Ϯ 0.002, P Ͻ 0.005, n ϭ 3) and by 93% at 7 cmH 2 O (from 0.215 Ϯ 0.012 to 0.016 Ϯ 0.002, P Ͻ 0.001, n ϭ 3; Fig. 2C ). These data demonstrate that an increase in transmural pressure was accompanied by a large decrease in the phosphorylation of MLC 20 in mesenteric lymphatics.
Effects of ML-7 on the contractile activity of isolated rat mesenteric lymphatic vessels. To investigate the effects of MLC 20 phosphorylation on lymphatic contractile activity, each vessel was exposed to ML-7, a selective MLCK inhibitor. ML-7 was dissolved in DMSO, and the ML-7-DMSO solution was then further diluted in APSS. The final concentration of DMSO in APSS was 0.01%. Control experiments showed that 0.01% DMSO did not significantly alter the contractile activity of the lymphatics compared with their function in APSS (data not shown). However, as shown in Fig. 1 , with the addition of ML-7 to the APSS perfusion solution, the tonic index of the vessels treated with 10 Ϫ6 M (shaded bars) and 10 Ϫ5 M (solid bars) ML-7 was decreased in a dose-dependent manner by Fig. 3A , contraction frequencies of the APSS control lymphatics increased as the pressures increased (open bars) over a range of pressures from ϳ1 to ϳ5 cmH 2 O. Contraction frequencies at 3 and 5 cmH 2 O were significantly higher than those at 1 cmH 2 O. Interestingly, the lymphatic contraction frequency was decreased in the presence of ML-7 compared with the values obtained in APSS alone. In addition, the increase in frequency with increasing pressure normally observed in APSS was blunted in the presence of ML-7. Compared with their corresponding vehicle controls (Fig. 3A , open bars), both the lower (10 Ϫ6 M) and higher (10 Ϫ5 M) concentrations of ML-7 significantly decreased the contraction frequencies at 3 and 5 cmH 2 O. At 10 Ϫ6 M ML-7 (Fig. 3A , shaded bars), the frequencies were decreased from 5.9 to 4.9 counts/min (16.3%) at 1 cmH 2 O, from 9.1 to 5.9 counts/min (34.8%) at 3 cmH 2 O, and from 9.9 to 5.2 counts/min (47.2%) at 5 cmH 2 O pressure. At 10 Ϫ5 M ML-7 (Fig. 3A, solid bars) , the values decreased from 5.9 to 3.7 counts/min (36.7%) at 1 cmH 2 O, from 9.1 to 4.3 counts/min (52.9%) at 3 cmH 2 O, and from 9.9 to 4.5 counts/min (54.8%) at 5 cmH 2 O pressure.
Furthermore, SP (10 Ϫ7 M) significantly increased the contraction frequency of the lymphatics in a pressure-dependent manner (Fig. 3B, hatched bars) by 93.1% (from 5.9 to 11.4 counts/min) at 1 cmH 2 O, 55.1% (from 9.1 to 14.1 counts/min) at 3 cmH 2 O, and 65.3% (from 9.9 to 16.4 counts/min) at 5 cmH 2 O pressure compared with their corresponding vehicle controls (Fig. 3B, open bars) over a range of pressures from 1 to 5 cmH 2 O. In the presence of SP, the lower concentration of ML-7 (Fig. 3B, shaded bars) showed a trend to decrease the contraction frequency from 11.3 to 9.3 counts/min (18.1%) at 1 cmH 2 O, from 14.1 to 12.9 counts/min (8.52%) at 3 cmH 2 O, and from 16.4 to 14.1 counts/min (13.9%) at 5 cmH 2 O of pressure. The higher concentration of ML-7 (Fig. 3B, solid  bars) significantly decreased the SP-induced contraction frequency from 14.1 to 12.1 counts/min (14.2%) at 3 cmH 2 O and from 16.4 to 12.2 counts/min (25.6%) at 5 cmH 2 O pressure; however, the value decrease from 11.4 to 9.9 counts/min (12.6%) at 1 cmH 2 O was not statistically significant.
We also determined the phasic contraction amplitude of the lymphatics in the same vessels used for tonic index analyses. In the presence of APSS alone (vehicle control), the phasic Fig. 2 . Increases in transmural pressure decrease myosin light chain 20 (MLC20) phosphorylation in pressurized rat mesenteric lymphatics. A: representative blot for the MLC20 reaction on lymphatic proteins isolated from lymphatics at different pressures. P-1, P-3, and P-7 indicate pressures of 1, 3, and 7 cmH2O, respectively. B: representative blot for phosphorylated MLC20 (pMLC20). C: quantitative analyses of the pMLC20-to-MLC20 ratio. Signal intensities for MLC20 and pMLC20 from three different blots were used for the quantitative analyses. **P Ͻ 0.005 between the values at P-1 to P-3 and ***P Ͻ 0.001 between the values at P-1 to P-7. (Fig. 4 , open bars). However, the corresponding phasic contraction amplitudes were not significantly altered by ML-7, even at the higher concentration of ML-7 (10 Ϫ5 M; Fig. 4 , shaded and solid bars). To further understand the role of MLC 20 phosphorylation in the regulation of contractile activity of lymphatic muscle, SP was used as an agonist to activate the Ca 2ϩ -CaM-MLCK pathway. Exposure of the lymphatic vessels to 10 Ϫ7 M SP (Fig. 5,  hatched bars) , compared with the vehicle/APSS control (Fig. 5,  open bars) , significantly increased the tonic contraction of the lymphatic vessel by 186.6%, 270.3%, and 235.3% at 1, 3, and 5 cmH 2 O of pressure, respectively. Preincubation of the lymphatic vessels with ML-7 significantly inhibited the SP-induced increases in tonic contraction. The inhibition of SPinduced tone by 10 Ϫ6 and 10 Ϫ5 M ML-7 was 48.6% and 54.2% at 1 cmH 2 O, 61.3% and 77.0% at 3 cmH 2 O, and 72.4% and 82.9% at 5 cmH 2 O of pressure. These data demonstrate that the inhibition of MLC 20 phosphorylation by ML-7 significantly blocked the SP-induced activation of tone. Figure 6 shows the phasic contraction amplitude of SPtreated vessels in the absence or presence of ML-7 and/or SP. The percentage of the phasic contraction amplitudes for the vehicle control (Fig. 6 , open bars) versus SP-treated vessels (Fig. 6, shaded bars) O, respectively. However, SP significantly reduced the phasic contraction amplitude only at 1 cmH 2 O of pressure (P Ͻ 0.005, n ϭ 5). The phasic contraction amplitude of the ML-7-treated vessels was not significantly different than that of the APSS controls even after SP activation. Thus, ML-7 significantly attenuated the SP-induced change in phasic contraction amplitude only at 1 cmH 2 O of pressure. 20 . To verify the degree of inhibition of MLCK by ML-7, we used immunohistochemistry to compare the phosphorylation of MLC in isolated rat mesenteric lymphatics before and after incubation with ML-7, as demonstrated by the typical images shown in Fig. 7 . Compared with the IgG negative control (data not shown), positive staining for pMLC 20 was observed in all vessel treatment groups: APSS control (Fig. 7A) , SP (10 Ϫ7 M; Fig. 7B ), ML-7 (10 Ϫ5 M; Fig. 7C ), or the combination of both ML-7 and SP (Fig. 7D ). The positive staining was almost exclusively localized in the muscle layer and was consistent with the circumferential orientation of the muscle cells (Fig. 7,  A-D) . The fluorescent intensity of the pMLC 20 staining was quantified and normalized to the APSS controls (normalized to 1.0) in the different treatment groups, as described in METHODS. SP-treated vessels (10 Ϫ7 M, n ϭ 23) showed significantly increased normalized pMLC 20 staining (1.98 Ϯ 0.28, mean Ϯ SE) compared with that in paired control vessels exposed only to APSS. Vessels treated with ML-7 (10 Ϫ5 M, n ϭ 7) showed a significant decrease in the normalized staining intensity (0.51 Ϯ 0.06) compared with the paired vessels treated with APSS. Furthermore, the average intensity of staining for pMLC 20 in the vessels treated with a combination of 10 Ϫ5 M ML-7 and 10 Ϫ7 M SP (0.48 Ϯ 0.21, n ϭ 8) was not different than that seen with ML-7 treatment but was significantly weaker than that seen with either APSS or APSS ϩ SP treatment.
ML-7 decreases the phosphorylation of MLC
To further quantify the relative levels of MLC 20 phosphorylation before and after ML-7 treatment, proteins from the lymphatic vessels were subjected to Western blot analyses, and the ratios of pMLC 20 to MLC 20 were calculated as previously described. Treatment of the vessels (pressurized at 1 cmH 2 O) 
with 10
Ϫ5 M ML-7 decreased the phosphorylation of MLC 20 significantly compared with the MLC 20 phosphorylation levels in untreated vessels (Fig. 8) . Figure 8 , A and B, show representative blots for the relative levels of MLC 20 and pMLC 20 , respectively, in protein samples from ML-7-treated or untreated lymphatic vessels. Quantitative analyses of three blots indicated that the pMLC 20 -to-MLC 20 ratio significantly decreased by ϳ80% [0.21 Ϯ 0.012 (untreated) to 0.043 Ϯ 0.004 (ML-7 treated), P Ͻ 0.001, n ϭ 3] in the 10 Ϫ5 M ML-7-treated samples compared with untreated samples (Fig. 8C ). These results demonstrate a significant inhibition of MLC 20 phosphorylation by ML-7 in isolated rat mesenteric lymphatics. We also quantified MLC 20 phosphorylation levels using the ureaglycerol gel approach. As shown in Fig. 8D , the mono-and diphosphorylated forms (pMLC 20 ) migrated faster than the nonphosphorylated form (MLC 20 ). Interestingly, cultured lymphatic muscle cell extracts exhibited both mono-and diphosphorylated forms of MLC 20 , whereas only the monophosphorylated form was detectable in tissue samples. However, the results shown in Fig. 8D clearly demonstrate that the percentage of MLC 20 phosphorylation was significantly increased in SP-treated nonpressurized vessels and that ML-7 treatment significantly decreased the MLC 20 phosphorylation level in mesenteric lymphatics. The percentage of MLC 20 phosphory- Fig. 8 . Quantitative analyses of pMLC20 to MLC20 in lymphatics. A and B: representative antibody reaction blots for the relative levels of MLC20 (A) and pMLC20 (B) in protein samples from ML-7 (10 Ϫ5 M)-treated or untreated lymphatic vessels. C: signal intensities for MLC20 and pMLC20 from three different blots were used for the quantitative analysis. **P Յ 0.001, significant difference between untreated and ML-7-treated samples. D: MLC20 phosphoprotein analysis by urea-glycerol gel. Un, mono, and di represent the unphosphorylated, monophosphorylated, and diphosphorylated forms of MLC20. Top, representative antibody reaction blot for the relative levels of MLC20 and pMLC20 in samples treated with either SP (10 Ϫ7 M) or ML-7 (10 Ϫ5 M) after urea-glycerol gel electrophoresis. LMC, lymphatic muscle cells. Bottom, quantitative analysis for the percentage of pMLC20, which was calculated as described in MATERIALS AND METHODS from three different blots. *P Յ 0.05, significant difference between untreated (control) and SP-or ML-7-treated samples. lation significantly increased [from 24.4% Ϯ 6.1 (untreated) to 54.1% Ϯ 2.9 (SP treated), P Ͻ 0.011, n ϭ 3] in samples treated with 10 Ϫ6 M SP and significantly decreased [from 24.4% Ϯ 6.1 (untreated) to 6.7% Ϯ 1.5 (ML-7 treated), n ϭ 3] in samples treated with 10 Ϫ5 M ML-7 compared with untreated control samples (Fig. 8D) . As the total phosphorylation for each lane was calculated separately, the percentages of MLC 20 phosphorylation shown in Fig. 8D were independent of protein loading.
DISCUSSION
Our results clearly demonstrate that the strength of tonic contractions of the isolated rat mesenteric lymphatics depend on MLC 20 phosphorylation, whereas the phasic contraction amplitude does not appear to be regulated by the MLC 20 phosphorylation status under these conditions. The mechanisms responsible for these two components of lymphatic contraction are poorly understood. In this study, we demonstrated that significant changes in tone, but not phasic contraction amplitude, were correlated with significant changes in MLC 20 phosphorylation. An interesting observation was that the tonic component of contraction and MLC 20 phosphorylation both decreased as transmural pressure increased. Finally, we unexpectedly observed that the MLCK inhibitor ML-7 significantly decreased phasic contraction frequency and blunted the normal rise in phasic contraction frequency that accompanies increasing pressure. These findings indicate that tonic contractions and the phasic contraction amplitude of the mesenteric lymphatics appear to be regulated by different pathways.
Although several kinases are involved in the phosphorylation of MLC 20 in VSM, the major one that is widely documented is the Ca 2ϩ -CaM-MLCK pathway. Several studies (21, 35) have shown that the phosphorylation of MLC 20 by MLCK is a crucial pivot through which different regulatory mechanisms are linked to modulate the contractile behavior of VSM. In our study, ML-7, a MLCK inhibitor, inhibited the tonic contraction of lymphatic vessels in a dose-dependent manner (Fig. 1) , resulting in a significant increase in diastolic diameter. Similar results have been reported in studies (29, 36, 48) on the effects of the MLCK inhibitor on arteriolar, gastrointestinal, and uterine smooth muscle, suggesting that the tonic contraction of the lymphatic muscle may share some contractile regulatory mechanisms with smooth muscle from other organs.
Our data indicate that the basal level of pMLC 20 at a pressure of 1 cmH 2 O decreased dramatically at higher transmural pressures (Fig. 2) . We estimate that the percentage of MLC 20 that is phosphorylated basally is ϳ20 -25%, based on the urea-glycerol Western blot data from untreated/unpressurized lymphatics (Fig. 8) . Rat mesenteric lymphatics have been shown to exhibit optimal pumping over a diastolic pressure range from 2 to 5 cmH 2 O in vivo (4) . Taken together, we propose that the phasic contractile activity of lymphatic muscle is operative with ϳ20% or less of the MLC 20 phosphorylated. This relative level of MLC 20 phosphorylation in lymphatic muscle correlates well with findings in other smooth muscle (5, 44, 52) . Furthermore, our immunohistochemical data clearly demonstrate that pMLC 20 is localized in the muscle cells of lymphatics and that the treatments of ML-7 or SP alter the phosphorylation level of the protein without grossly altering protein localization.
SP induces contraction through the Ca 2ϩ -CaM-MLCK pathway in different muscle types, including lymphatics (6, 10). Our previous study (2) showed that SP stimulated the contractile activity of rat mesenteric lymphatic vessels in situ. However, in our recent isolated vessel study (9), 10 nM SP did not change the contraction amplitude significantly at lower pressure ranges tested (at 1, 3, or 5 cmH 2 O) but increased the frequency and tone. The present study supports our previous findings showing that SP potentiates the tonic contraction of isolated rat mesenteric lymphatic vessels and increases the frequency of contraction without a significant change in phasic contraction amplitude (Figs. 5, 3, and 6, respectively) . In addition, our data showed an increase in MLC 20 phosphorylation in the lymphatic muscle cell layer after SP treatment (Fig.  7B) , suggesting that the MLCK pathway is activated in conjunction with SP-induced tonic contractile activity. Furthermore, the SP-induced tonic contraction of lymphatic vessels was significantly inhibited by preincubation of the vessels with ML-7, and the vessels showed a corresponding decrease in MLC 20 phosphorylation when treated with the combination of ML-7 (10 Ϫ5 M) and SP (10 Ϫ7 M) (Fig. 7D) . These results further support the view that the Ca 2ϩ -CaM-MLCK pathway is involved in the regulation of the tonic contractile mechanism of the lymphatic muscle.
In contrast, we found no significant difference in the phasic contraction amplitude of lymphatics treated with either ML-7 alone or ML-7 ϩ SP compared with their APSS controls, suggesting little influence of MLCK on the phasic contraction strength of lymphatic muscle. In our Western blot experiments, the MLC 20 phosphorylation level was inhibited by ϳ80% in the presence of ML-7 (10 Ϫ5 M). Thus, it is possible that the remaining MLC 20 phosphorylation was sufficient to maintain the phasic contractile amplitude of lymphatics. It is also possible that some minimum level of MLC 20 phosphorylation is sufficient for maintaining but not regulating the amplitude of phasic lymphatic contractions. Since pMLC 20 levels are already reduced at higher pressures (Fig. 2) , these observations suggest that the basal state of MLC 20 phosphorylation may be critical in determining whether MLCK inhibitors (such as ML-7) selectively alter tonic versus phasic activity. Similar conclusions can be drawn from a study (23) in rat iliac lymphatics using the Rho kinase inhibitor Y-27632. In that study, the inhibition of MLC 20 phosphorylation by Y-27632 led to an inhibition of lymphatic tone. The Rho-Rho kinase pathway is involved in Ca 2ϩ -independent regulation of MLC 20 phosphorylation through its inhibition of MLCP and, thus, the regulation of smooth muscle contraction (13, 41) . Those studies showed that receptor-mediated G protein-coupled mechanisms activate RhoA to modulate MLCP activity. In addition, several other mechanisms contribute to the inhibition of MLCP activity and Ca 2ϩ sensitization in smooth muscle via the activation of PKC, Rho-associated kinase, or integrin-linked kinase (ILK) signaling cascades (13, 41, 25) . Nevertheless, similar to the results of our studies, Hosaka et al. (23) found that the inhibition of Rho kinase by Y-27632 completely blocked the generation of phasic contractions at higher doses. While they attributed those effects to the inhibition of Rhodependent Rho-associated protein kinase (ROCK)-I/II, the doses of Y-27632 used have also been shown to block PKC-related kinase (PRK)-2 (a different Rho-dependent kinase closely related to PRK 1, a known activator of CPI-17 and a smooth muscle Ca 2ϩ -sensitizing agent). The doses of Y-27632 used are also known to inhibit mitogen-and stress-activated protein kinase 1 (MSK1) and MAPK-activated protein kinase-1 (MAPKAP-K1b) (9) . Finally, the complete cessation of phasic activity by high doses by Y-27632 may be due to blockade of the pacemaking activity of the lymphatic pump; however, this was not specifically evaluated. Unfortunately, that study did not examine pMLC 20 levels under inhibitortreated conditions, so it is difficult to directly correlate all of their results with ours.
Other possible explanations for the lack of effect of 10 Ϫ5 M ML-7 on phasic contraction amplitude in the present study could be related to the following. First, in addition to MLC 20 phosphorylation, [Ca 2ϩ ] i is also required for the development and maintenance of contractile activity of lymphatic muscle (19, 30, 46, 50) . ML-7 has been reported to inhibit the tone of rat cremaster arterioles (52) in a dose-dependent manner but did not prevent pressure-induced increases in [Ca 2ϩ ] i . Thus, it is possible that in our experiments, the ML-7 induced inhibition of MLCK but [Ca 2ϩ ] i was not altered, which maintained the phasic contraction amplitude. Second, although MLCK in the Ca 2ϩ -CaM-MLCK pathway is thought to be responsible for the phosphorylation of MLC 20 , recent studies have shown that several other protein kinases might also contribute to the phosphorylation of the MLC 20 in a Ca 2ϩ -independent manner, such as through CaM-dependent protein kinase II (39), MAPKAP (33), ROCK (23), ILK (47), or zipper-interacting protein kinase (11) . Thus, it would be interesting to see whether these other kinases, acting through different mechanisms that are MLC 20 phosphorylation independent, can modulate the phasic contractile activity of lymphatic muscle. Finally, the transient receptor potential (TRP) superfamily is a newly emerging gene family that encodes Ca 2ϩ -permeable nonselective cation channels/TRP canonical (TRPC) channels (1) . A recent study (40) has demonstrated that ML-7 caused a rapid, reversible, and MLCK-independent enhancement of inward current in HEK-293 cells transfected with TRPC7 channel. This cation current may provide the minimum requirement for the contractile amplitude. Future studies using recombinant adenoviral approaches to specifically alter MLC 20 phosphorylation by overexpressing nonphosphorylatable MLC 20 into lymphatics may provide additional insights into the role of MLC 20 phosphorylation in phasic contractile characteristics.
Furthermore, ML-7 significantly decreased the pressureinduced increase in phasic contraction frequency at both 10 Ϫ6 and 10 Ϫ5 M, both concentrations purportedly specific for MLCK inhibition (Fig. 3) . Since MLC 20 phosphorylation is decreased with increased pressure (Fig. 2) and ML-7 would have further inhibited MLC 20 phosphorylation, it is possible that ML-7 might also have inhibited proteins other than MLCK to have an effect on phasic contraction frequency. It is reported that ML-7 is Ͼ30-fold more potent in inhibiting MLCK than the cation inward TRPC6 channel (40) , indicating that ML-7 might have decreased [Ca 2ϩ ] i , which would have subsequently decreased contraction frequency. As such, more experiments are warranted to address the effects of ML-7 on lymphatic contraction frequency. We did not use higher doses of ML-7 (10 Ϫ4 M) to keep the pharmacological level of ML-7 in the range that has been reported to be relatively selective for MLCK inhibition (3) . The vehicle solution (APSS) that we used in this study contained 1% BSA for the purpose of maintaining a colloid osmolarity that is essential for functional lymphatics. However, albumin has a propensity to bind a wide variety of organic, inorganic, negatively, and positively charged ligands. The binding affinities of albumin for different ligands or peptides are often as high as those of the specific interactions (26, 43) . Therefore, in initial experiments, we compared the influences of albumin-containing and nonalbumin-containing vehicle solution on the function of lymphatics. We found that data obtained from the experiments using albumin-containing vehicle solution were basically consistent with data obtained from the experiments using nonalbumincontaining vehicle solution except that the effects of ML-7 in nonalbumin-containing vehicle solution showed more obvious inhibitory effects on lymphatic contractile activity, with contractions stopping in nine of nine vessels, i.e., ML-7 reduced the contraction frequency to zero at a concentration of 10 Ϫ5 M (data not shown).
In summary, this study presents the first evidence that the tonic and phasic components of mesenteric lymphatic contractions may be differentially regulated, in which the tonic component is strongly MLCK dependent. This information advances our understanding of the unique contractile mechanisms of lymphatic muscle and may eventually lead to therapeutic strategies for treating lymphatic dysfunction.
